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Abstract 
We use crystallographic data for four helical iron proteins (cytochrome c-b562, cytochrome c', 
sperm whale myoglobin, human cytoglobin) to calculate radial and angular signatures as each 
unfolds from the native state stepwise though four unfolded states.  From these data we construct 
an angle phase diagram to display the evolution of each protein from its native state; and, in turn, 
the phase diagram is used to construct a funneled angle landscape for comparison with the 
topography of its folding energy landscape.  We quantify the departure of individual helical and 
turning regions from the areal, angular profile of corresponding regions of the native state.  This 
procedure allows us to identify the similarities and differences among individual helical and 
turning regions in the early stages of unfolding of the four helical heme proteins. 
Key words   protein folding, cytochromes, myoglobin 
 
Introduction 
The groundbreaking theoretical investigations of Wolynes, Saven, and Onuchic [1-7] on 
funneled energy landscapes together with definitive experimental work by Dobson, Eaton, and 
others [8-25] have taken our understanding of protein folding to a new level. One aspect that has 
been of particular interest to us is research by Thirumalai [26-29] using force fields that depend 
on the radial and angular orientation of sequences of residues to recognize native conformations. 
Building on this foundational work, we have been developing a geometric model that will allow 
us to look more deeply into the bottom to top motions in the funneled landscapes of helical 
proteins.  It has long been recognized [30] that when the polypeptide chains and amino acid side 
chains of proteins are folded into the specific conformations that exist in the native protein, the 
regions included in the constitutive volumes of different portions of the molecule will fail to 
pack perfectly with each other. As a result, voids occur in some parts of the folded molecule, and 
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compressed regions also may appear. The conformation increment is made up of the net 
contribution of these voids and compressed regions. 
Of interest here are the folding energy landscapes of cytochromes b562 and c-b562, as they are 
unlike those of many other cytochromes [11-12]. The unfolded to folded excursions of these 
four-helix bundle proteins occur with minimal frustration, that is, they avoid misfolded 
intermediates. Remarkably, the presence of the heme in these proteins does not introduce 
misligated traps in their energy landscapes [11]. 
Why are the landscapes of helix bundles so different from those of other cytochromes and 
globins? In attacking this problem, we built on recent work on the stereochemistry of residues in 
helical and non-helical regions of proteins [31-32], where two spatial signatures were used to 
analyze the residue coordinate data; and a third was introduced to analyze amino-acid molecular 
volume data.  The residue-by-residue analysis, taken together with the finding that two major 
factors stabilize an α-helix (minimization of side-chain steric interference and intrachain H-
bonding), led to the conclusion that certain residues are preferentially selected for α-helix 
formation. In the sequential, de novo synthesis of a turning region, residues are selected such that 
the overall molecular volume profile (representing purely repulsive, excluded volume effects) 
spans a small range Δ of values (Δ = 39.1Å) relative to the total range that could be spanned     
(Δ = 167.7 Å).  Thus, excluded volume effects are of enormous importance for residues in helical 
regions as well as those in adjacent turning regions. Once steric effects are taken into account, 
down-range attractive interactions between residues come into play in the formation of α-helical 
regions. The geometry of α-helices can be accommodated by conformational changes in less 
structured turning regions of a polypeptide, thereby producing a globally optimized (native) 
protein structure. 
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In full accord with the findings from work on funneled energy landscapes [1-7], we concluded 
that the interplay between residues in helical and turning regions drives protein folding. Steric 
interference between and among side chains is minimized in the first stages of folding, followed  
by optimization of attractive interactions (formation of H-bonds between specific pairs of amino 
acids), and finally by torsional adjustment of turning regions to accommodate all α-helical 
structures. 
We have examined the conformational changes accompanying unfolding of helical proteins from 
the native state to the top of a funneled landscape employing our geometric method of structure 
analysis [31-32]. We report funneled angle landscapes for cytochrome c-b562 (cyt c-b562) [33], 
cytochrome c', (cyt c') [34], sperm whale myoglobin (sw-Mb) [35] and human cytoglobin         
(h- Cygb) [36]. 
Spatial and angular signatures of helical and turning regions 
The starting point in our approach is a triplet module of three residues, a center residue (𝑖) 
flanked by its two first nearest neighbors (𝑖 − 1)  and (𝑖 + 1). We define a coordinate system in 
which the iron atom is assigned as the origin.  Using crystallographic data for a given protein, we 
calculate the distance 𝑅(𝑖 − 1) between the iron atom and the α-carbon of the left-most  residue, 
the distance 𝑅(𝑖 + 1) to the right-most residue, and the distance 𝑅(𝑖 − 1 to 𝑖 + 1) between the two 
α-carbons of the terminal residues. Also calculated from crystallographic  data are the angles 
between 𝑅(𝑖 − 1) and 𝑅(𝑖 − 1 to 𝑖 + 1),  𝑅(𝑖 − 1 ) and 𝑅(𝑖 + 1 ), and  𝑅(𝑖 − 1 to 𝑖 + 1) and 𝑅(𝑖 +
1), designated α, β, γ, respectively.   These signatures are compiled  for each of the n residues of 
the protein. Analogous calculations have been carried out for  sequences of five, seven, eleven 
and fifteen residues. 
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Continuing, we next calculate the distance 𝑇(𝑖) between the terminal α-carbons [𝑖 − 2 to 𝑖 + 2] for 
a configuration in which the triplet [𝑖 − 2, 𝑖 − 1, 𝑖] is annexed to the triplet [𝑖, 𝑖 + 1, 𝑖 + 2]. This 
planar configuration may be thought of as an unfolded state, as it is different from the native 
configuration.  By construction, 𝑇(𝑖)  is greater than or equal to the native state distance, 𝑅(𝑖 − 2) 
to 𝑅(𝑖 + 2), so that for all residues 𝑖 = 2 to 𝑖 = 𝑛 − 1 we have  
Ratio =  
𝑇(𝑖)
𝑅(𝑖 − 2) to 𝑅(𝑖 + 2)
≥ 1  
Using the Law of Sines and Cosines, we established in previous work [32] that an exact 
analytical expression can be derived for the displacement of a central residue in a n-residue 
segment from the iron atom as the protein unfolds. For example, consider the first five  residues 
in cyt c-b562 [see Figure 1].  For the five-residue segment centered on residue 3, the  displacement 
𝑓3 of residue 3 relative to the iron atom in the first stage of unfolding is given by  
𝑓3 =
𝑇3sin(𝛼(1 to 5))
𝑅1[𝑠𝑖𝑛(𝛽(1 𝑡𝑜 5))]
   
Angles in calculation of f3 are in radians.)  Expressing 𝛼(1 to 5) and 𝛽(1 to 5) in terms of the 
spatial coordinates 𝑅1, 𝑅5 and 𝑅(1 to 5), we get 
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Figure 1: Specification of the geometrical model for a five-residue segment in cytochrome c-b562. 
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𝛼(1 to 5) =  arccos [(𝑅52 +  𝑅(1 to 5)2 − 𝑅12)√2𝑅5 𝑅(1 to 5)] 
= 119.2470   
                                     𝛽(1 to 5) =  arccos[(𝑅12 + 𝑅52 − 𝑅(1 to 5)2)√2 𝑅1 𝑅5  ]   
= 22.4750 
where, 𝑇3 = 12.302,  𝑅1= 14.175 Å,  𝑅5 = 10.064 Å and 
                       𝑅(1 to 5) = 6.211 Å 
Calculation then gives 
𝑓3 =
𝑇3 sin (arccos((𝑅5
2 +  𝑅(1 to 5)2 − 𝑅12) √2𝑅5 𝑅(1 to 5)  ))
𝑅1[𝑠𝑖𝑛(arccos((𝑅12 + 𝑅52 −  𝑅(1 to 5)2) √2 𝑅1 𝑅5 ))]
 
                         = 1.981    (Angles in calculation of f3 are in radians.)   
The expression for 𝑓3 can be re-expressed exactly in an equivalent expression that is useful in 
interpreting the results obtained from our analysis. The proof  𝑓3 =
𝑇3
𝑅(1 to 5)
  is in Appendix 1. 
Note that the analysis is general and equivalence can be established for any of the  residues in cyt 
c-b562, cyt c', sw-Mb and h-Cygb, and for any stage of unfolding.  We have  confirmed this exact 
equivalence via direct calculations for all residues and all stages of  unfolding for the 
investigated helical heme proteins. 
Spatial signature for unfolding of a polypeptide chain 
We established earlier [31] that the elongation of the polypeptide chain as a protein begins to  
unfold can be quantified.  Specifically, the ratio in the first stage of unfolding 
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Ratio(𝑖) =  
𝑇(𝑖)
𝑅(𝑖 − 2) to 𝑅(𝑖 + 2)
  
gives the extension of the polypeptide chain when the residues (𝑖 − 2),(𝑖 − 1), 𝑖,(𝑖 + 1) and 
 (𝑖 + 2) are fully extended (two coplanar, adjacent triplets) relative to the native state.  Plots of 
this ratio for  cyt c-b562 and h-Cygb for the first and sixth stages of unfolding were given  
previously [31]. 
The profiles of this ratio versus residue number for the second 𝑇(𝑖) 𝑅(𝑖 − 3) to 𝑅(𝑖 + 3)⁄  and 
fourth,  𝑇(𝑖) 𝑅(𝑖 − 5) to 𝑅(𝑖 + 5)⁄ , stages of cyt c-b562 unfolding are shown in Fig. 2. From     
Figs. 1 and 5 in [44] and Fig. 2 we can see that the profiles of 𝑇(𝑖) 𝑅(𝑖 − 3) to 𝑅(𝑖 + 3)⁄ versus 
residue number and 𝑇(𝑖) 𝑅(𝑖 − 5) to 𝑅(𝑖 + 5)⁄  versus residue number are qualitatively and  
quantitatively quite similar. However, both qualitative and quantitative differences  between the 
first two stages of unfolding and the fourth and sixth stages of unfolding are  evident, which may 
be understood by recalling that there are 3.6 amino acid residues per  turn of an α-helix (a five-
residue segment would capture one turn).  A seven-residue segment  would bracket nearly (but 
not quite) two turns, eleven residues three turns and fifteen  residues four turns.  Thus, the 
number of hydrogen bonds broken in the first and second  stage of unfolding is the same, but 
increases stepwise in the fourth and sixth stages of  unfolding. 
We find this result to be quite general.  Displayed in Table 1 are values of the overall average of 
each ratio calculated for all four heme proteins.  The similarity in values at each stage of 
unfolding for each protein is noteworthy.  Again, small quantitative differences characterize the 
first two stages of unfolding, while more significant differences are apparent in the fourth and 
sixth stages. 
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Figure 2.  Ratio vs residue number for cyt c-b562: left: ratio  𝑇(𝑖) 𝑅(𝑖 − 3) to 𝑅(𝑖 + 3)⁄  and right: 
ratio  𝑇(𝑖) 𝑅(𝑖 − 5) to 𝑅(𝑖 + 5)⁄  
 
 
 
 
 
 
 
 
 
 
 
 
 
ratio  
ratio  
residue residue 
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TABLE 1.  Average elongation of the protein and individual helical regions.   
                    Standard deviation is specified. 
 
Ratio cyt c-b562 cyt c' sw-Mb h-Cygb 
𝑇(𝑖)
𝑅(𝑖 − 1) to 𝑅(𝑖 + 1)
 
1.0 
 
 
1.0 1.0 1.0 
𝑇(𝑖)
𝑅(𝑖 − 2) to 𝑅(𝑖 + 2)
 
H1 
H2 
H3 
H4 
H5 
H6 
H7 
H8 
H9 
 
1.650 
 
1.70 ± 0.21 
1.72 ± 0.15 
1.47 ± 0.37 
1.72 ± 0.14 
1.64 ± 0.33 
 
 
1.604 
 
1.67 ± 0.18 
1.68 ± 0.21 
1.44 ± 0.14 
1.38 ± 0.23 
1.51 ± 0.38 
1.67 ± 0.22 
1.73 ± 0.29 
 
1.674 
 
1.67 ± 0.23 
1.75 ± 0.29 
1.44 ± 0.10 
1.63 ± 0.22 
1.67 ± 0.18 
1.84 ± 0.41 
1.71 ± 0.27 
1.77 ± 0.18 
 
1.601 
 
1.73 ± 0.23 
1.76 ± 0.28 
1.31 ± 0.10 
1.57 ± 0.21 
1.71 ± 0.19 
1.83 ± 0.32 
1.69 ± 0.24 
1.41 ± 0.38 
1.58 ± 0.41 
 
𝑇(𝑖)
𝑅(𝑖 − 3) to 𝑅(𝑖 + 3)
 
H1 
H2 
H3 
H4 
H5 
H6 
H7 
H8 
H9 
 
1.655 
 
1.65 ± 0.11 
1.71 ± 0.29 
1.65 ± 0.20 
1.71 ± 0.20 
1.58 ± 0.10 
 
1.637 
 
1.68 ± 0.32 
1.62 ± 0.06 
1.33 ± 0.04 
1.47 ± 0.13 
1.43 ± 0.13 
1.65 ± 0.13 
1.75 ± 0.43 
 
1.696 
 
1.64 ± 0.08 
1.77 ± 0.31 
1.50 ± 0.25 
1.80 ± 0.48 
1.68 ± 0.21 
1.78 ± 0.46 
1.65 ± 0.12 
1.69 ± 0.07 
 
1.676 
 
1.65 ± 0.12 
1.77 ± 0.28 
1.58 ± 0.47 
1.74 ± 0.44 
1.72 ± 0.24 
1.85 ± 0.42 
1.63 ± 0.12 
1.52 ± 0.28 
1.68 ± 0.12 
 
 
𝑇(𝑖)
𝑅(𝑖 − 5) to 𝑅(𝑖 + 5)
 
H1 
H2 
H3 
H4 
H5 
H6 
H7 
H8 
H9 
 
1.968 
 
1.85 ± 0.26 
1.94 ± 0.49 
2.29 ± 0.54 
1.91 ± 0.29 
1.81 ± 0.38 
 
1.915 
 
1.89 ± 0.46 
1.72 ± 0.12 
1.44 ± 0.07 
1.89 ± 0.50 
1.76 ± 0.41 
1.82 ± 0.22 
2.00 ± 0.67 
 
1.984 
 
1.76 ± 0.14 
2.01 ± 0.42 
2.20 ± 0.54 
2.27 ± 0.32 
1.84 ± 0.25 
1.96 ± 0.38 
1.84 ± 0.28 
1.85 ± 0.11 
 
1.984 
 
1.86 ± 0.24 
1.98 ± 0.35 
2.33 ± 0.66 
2.29 ± 0.33 
1.84 ± 0.19 
2.06 ± 0.38 
1.79 ± 0.22 
2.28 ± 0.08 
1.89 ± 0.29 
 
𝑇(𝑖)
𝑅(𝑖 − 7) to 𝑅(𝑖 + 7)
 
2.290 
 
2.228 
 
2.306 
 
2.319 
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H1 
H2 
H3 
H4 
H5 
H6 
H7 
H8 
H9 
 
2.18 ± 0.68 
2.24 ± 0.88 
2.59 ± 0.30 
2.14 ± 0.59 
2.06 ± 0.70 
 
1.96 ± 0.41 
1.84 ± 0.31 
1.66 ± 0.03 
2.39 ± 0.55 
2.08 ± 0.27 
2.02 ± 0.39 
2.40 ± 1.06 
 
1.91 ± 0.26 
2.25 ± 0.49 
2.96 ± 0.63 
3.27 ± 0.93 
1.96 ± 0.25 
2.27 ± 0.54 
2.10 ± 0.50 
1.97 ± 0.26 
 
1.95 ± 0.24 
2.20 ± 0.43 
3.19 ± 0.68 
3.81 ± 1.20 
2.04 ± 0.44 
2.51 ± 0.99 
1.99 ± 0.39 
3.28 ± 0.17 
2.06 ± 0.38 
 
 
 
Angle phase diagrams 
As noted above, for each residue i of each protein there is a specific, distinctive set of  angles   
[αi , βi , γi]  defining its relation to the iron atom. See Fig. 1.   Relative to that atom, the couple  
[γi , αi] specifies the angular orientation of terminal residues in each segment to the polypeptide 
backbone.  The couple [βi,αi ]  specifies the angular orientation of the terminal residues in terms 
of the overall angle βi between terminal residues and the angle αi between 𝑅(𝑖 − 1) and  𝑅(𝑖 −
1 to 𝑖 + 1).   As the protein unfolds from its native state, the angle βi increases and the angle αi 
systematically decreases.  In the couple [αi ,  γi  ], both angles decrease as the protein unfolds. 
We now display angle phase diagrams [ γi , αi]  and [ βi , αi ] for the native and sixth extended  
states sequence of n residues in cyt c-b562 [Fig. 3] and h-Cygb [Fig. 4].   Figs. SI-1 and SI-2   
display [ γi , αi]  and [ βi , αi ] for the middle stages of unfolding.  The solid black lines  forming 
the triangles in these figures delimit the region [ γi , αi] and [ βi , αi ] defining the native  state.  As 
before [32], we adopt color coding to identify and distinguish the helical and non- helical regions 
of each protein: for cyt c-b562, the first two helices from the N-terminal  end are in magenta and 
red; the first two helices interior to the C-terminal end are in cyan  and blue; the interior helix 
adjacent to the red helix is in gold; and the interior helix adjacent to  the blue helix is in violet.  
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For h-Cygb with nine helices, the next “pairing” of interior helices is  coded in yellow and gray, 
with the centermost helix in brown. Using this convention, similarities  and differences between 
corresponding helices in the two proteins can be seen at a glance. 
In following the unfolding of the protein, the departure of each (color coded) helical and non- 
helical region from the angular phase diagram specifying the native state (delimited by the  
boundary in black) can be tracked.   See Tables 2-5. The results displayed in these tables will be  
discussed later. 
Table 2(a).  Percent departure of helical and non-helical regions from native state 
                   [β, α] domain:  cyt c-b562  
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Table 2(b).  Percent departure of helical and non-helical regions from native state 
                   [γ, α] domain:  cyt c-b562  
 Table 3(c). Percent departure of helical and non-helical regions from native state  
                   [β, α] domain:  cyt c'  
 
 Table 3(d). Percent departure of helical and non-helical regions from native state   
                  [γ, α] domain:  cyt c'  
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 Table 4(e). Percent departure of helical and non-helical regions from native state  
                    [β, α] domain:   sw-Mb  
 
 Table 4(f). Percent departure of helical and non-helical regions from native state 
                  [γ, α] domain:   sw-Mb  
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 Table 5(g).  Percent departure of helical and non-helical regions from native state   
                   [β, α] domain:  h-Cygb 
 
 
Table 5(h)  Percent departure of helical and non-helical regions from native state 
                   [γ, α] domain:  h-Cygb 
Figure 3.  Angle phase diagrams for cyt c-b562, (top): { vs } and { vs } native states, 
(bottom) : { vs } and { vs } sixth extended states. 
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Figure 4. Angle phase diagrams for h-Cygb,   (top): { vs } and { vs } native states and 
(bottom) : { vs } and { vs } sixth extended states. 
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Funnel diagrams 
To visualize the sequential unfolding of a protein, we use the information encoded in the angular 
phase diagrams presented in the previous section.  In our formulation, βi in the triad [ αi, βi, γi] is 
the angle between terminal α-carbons in a given segment, with the iron atom taken as the    
coordinate system origin. As the protein unfolds from its native state, angle βi increases and 
angles [ γi , αi] systematically decrease.    
Consider first the angular phase portraits displayed in plots of [ γi , αi] versus residue number   i, 
starting from the native state, and progressing stepwise through the first, second, fourth and  
sixth stage of unfolding. We construct a d=3 representation, where [ γi , αi] is displayed as a  
function of the stage of unfolding (for cyt c-b562, see Figure 5); and we find that the (d=2) areal  
profile [ γi , αi] describing the native state is the largest, with  the areal  profiles [ γi , αi] decreasing  
as the protein unfolds. 
Also of interest are plots of [ βi, αi ] versus  residue number i displayed as a function of the  state 
of unfolding (for cyt c-b562 and h-Cygb, see Fig. 5; and Figs. SI-3 and SI-4 for cyt c' and  sw-
Mb). In these representations, the funnel, which is largest in the sixth stage of unfolding,  
becomes progressively smaller approaching the native state.  Notice that the cross sections for  
the first and second unfolded state are very similar, with greater differences displayed as the  
system evolves to the fourth and sixth extended state.  This behavior is entirely consistent with  
that uncovered in our study of the spatial signature.  
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Discussion 
In each of four helical iron proteins, cyt c-b562, cyt c', sw-Mb and h-Cygb, the first unfolded  
state is specified by a planar configuration in which the triplet [𝑖 − 2, 𝑖 − 1, 𝑖] is annexed to the  
triplet [𝑖, 𝑖 + 1,  𝑖 + 2].   Having characterized the geometry of each triplet module, we  focus on 
the central residue i in this five-residue segment, and calculate the distances 𝑅(𝑖 − 2)  between Fe 
and the α-carbon of the left-most residue,  𝑅(𝑖 + 2)between Fe and the α- carbon of the right-
most residue, and the distance 𝑅(𝑖 − 2) to 𝑅(𝑖 + 2),  between the terminal  residues in this 
segment 𝑖 − 2 and  𝑖 + 2.  As for the triplet, we then calculate relative to the Fe  atom the angles 
between 𝑅(𝑖 − 2) and 𝑅(𝑖 − 2) to 𝑅(𝑖 + 2),  𝑅(𝑖 − 2) and 𝑅(𝑖 + 2), and  𝑅(𝑖 − 2) and 𝑅(𝑖 + 2) and 
𝑅(𝑖 + 2), denoted αi, βi, γi, respectively. 
Using the above data, we calculate first the displacement  𝑓𝑖  relative to the Fe atom of the α- 
carbon of residue i from the native state to the first unfolded state.  We then calculate  [αi, βi,  γi]. 
This program is carried out for each residue of a given protein (except, in this case, the two  
residues at the C-terminal and N-terminal ends of the polypeptide chain). 
One turn of an α-helix involves 3.6 residues; hence, in the first unfolded state, constructing the  
planar juxtaposition of two triplets, a five-residue segment, one H-bond is broken (or  
significantly weakened).  The second unfolded state involves the planar juxtaposition of three 
planar triplets, a seven-residue segment.  Since two turns of an α-helix require 7.2 residues, we 
expect (and find) that the first and second unfolded states should have quantitatively similar 
values of 𝑓𝑖  and [αi, βi, γi]. See Table 1 and Figs. 1 and 5 in [31] and Fig. 2. 
The situation changes qualitatively and quantitatively when we calculate the spatial angular 
signatures for the fourth and sixth unfolded states.  The fourth unfolded state involves 11 
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residues.  There are 3 - 4 H-bonds per turn of α-helix.  Three turns of an α-helix require 10.8 
residues.  In the fourth stage of unfolding, which involves 11 residues, three H-bonds are  
broken. Four turns of an α-helix require 14.4 residues.  In the sixth unfolded state, which  
involves 15 residues, four H-bonds are broken. In these two unfolded states, we expect  (and 
find) that the values of 𝑓𝑖  and [αi, βi, γi] are quantitatively different from the first two  unfolded 
states. 
As noted earlier, the ratio of the elongation 𝑇(𝑖) of the polypeptide chain owing, for  example, to 
the disruption of H-bonds and the distance between terminal residues in a given  segment in the 
native state can be correlated exactly with the displacement relative to the Fe  atom of the α-
carbon of the central residue i from the native state.  For example, in the first  unfolded state 
𝑓𝑖 =
𝑇(𝑖)
𝑅(𝑖 − 2) to 𝑅(𝑖 + 2)
 
This is a general result and the correspondence can be established rigorously for residues in both  
helical and turning regions for any stage of unfolding. Of particular interest are the summaries of  
data on angle phase diagrams in Tables 2-5.  The following observations follow from  
examination of the data in these tables.  
Tables 2(a) to 5(h) display unfolding patterns of the four investigated proteins: cyt c-b562       
(PDB ID: 2bc5) [33], cyt c' (PDB ID: 1mqv) [34], sw-Mb (PDB ID: 5yce) [35] and h-Cygb  
(PDB ID: 2dc3) [36]. The plots quantify the percent departure of helical and non-helical regions  
from the native state domains [,]and [,] (Tables 2-5) for each helical and turning region of  
the protein as it unfolds stepwise from the native state through its first, second, fourth and sixth  
stages of unfolding in the [,] and [,]  domains.  For each stage, the C-terminal end is on the  
right. The color code is specified in the text. 
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We focus here on the similarities and differences between sw-Mb and h-Cygb. The protein  sw-
Mb has 151 residues, eight helices (H1-H8) and seven non-helical (turning) regions (K0-  K6).  
Human cytoglobin consists of 188 residues, nine helices (H1-H9) and six non-helical  regions 
(K0-K5). Comparing both angular domains we find that the departure of five out of the  nine 
helices and two out of the six non-helical regions in h-Cygb is  84 %. For sw-Mb six out  of 
eight helices and three out of seven non-helical regions achieve the same percentage. In the  
[,] domain for h-Cygb, the first helix that departs from the native state, angular domain  is H7 
(quantitatively, a percentage of 9.5%).  Subsequently, about 50% of H3 and H5 unfolds  more 
rapidly by the second stage.  By the sixth stage, helices 2, 5 and 7 show the greatest  departure. 
The same trends are observed in the [,] domain for h-Cygb with the exception that the  
departure of H1 is 85% by stage six in the [,] domain as compared to 69% in the [,]  
domain. For non-helical (turning) regions, K4 is the first region that unfolds in the first stage in  
both domains.  K1, K2 and K4 are fully unfolded by the sixth stage followed by K5.  K0 never  
departs the native state, angular domain. Considering next the unfolding of sw-Mb, we  observe 
the following in both [,] and [,] domains. The first segments that unfold are H7 and  K4.  In 
the fourth stage of evolution the following ordering is observed: 
                                  (K1, H6, K4) >H5>H7>H2>H3. 
In the sixth stage of unfolding, we find 
                                (K1, K3, H6, K4, H8)>H2>H5>H4>H1  
More than 80% of the helices H1, H2, H4, H5, H6 and H8 have exited the native state domain by   
the sixth stage while K1, K3 and K4 are fully unfolded at that stage. In contrast to h-Cygb,   H2, 
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K2, H5, H6, K4, H7 and K5 of sw-Mb have completely exited (100%) from the native state  
domain, whereas K0 and K6 never depart the native state areal domain. 
Funneled angle landscapes for cyt c-b562 and h-Cygb are in Figure 5; and those for cyt c'   and 
sw-Mb are in the SI. As noted earlier, the areal profiles are very similar, qualitatively and  
quantitatively, for the first two stages of unfolding, with differences from the native state  
becoming more pronounced in the fourth and sixth stages of unfolding.  The converse of this  
conclusion is that when these proteins fold, there are relatively large differences when stages  
well displaced from the native state are considered; indeed, we suggest that an interior helix 
protects the cyt c-b562 heme in the higher unfolded states, thereby disfavoring misligation   from 
N-donor sidechains such as that of His63. Notably, in accord with experimental work on   helical 
landscapes [11], there is a steep cascade down the funnel in the near vicinity of the native   state, 
here the first two stages of unfolding.     
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Figure 5.   Top: Funneled angle landscape for cyt c-b562 (left: [γ, α] vs unfolding stage, right:    
[β, α] vs unfolding stage.  Bottom: Funneled angle landscape for h-Cygb; [β, α] vs unfolding 
stage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             
     
             
             
     
     
     
     
     
     
     
     
     
     
     
   
 
 
Sixth unfolded state, n=15 
Fourth unfolded state, n=11 
Second unfolded state, n=7 
First unfolded state, n=5 
Native structure, n=3 
Sixth unfolded state, n=15 
Fourth unfolded state, n=11 
Second unfolded state, n=7 
First unfolded state, n=5 
Native structure, n=3 
Sixth unfolded state, n=15 
Fourth unfolded state, n=11 
Second unfolded state, n=7 
First unfolded state, n=5 
Native structure, n=3 
Journal Pre-proof
Jo
urn
al 
Pr
e-p
roo
f
22 
So, what have we learned?    First, we suggest that our funneled angle landscapes are  
complementary to funneled energy landscapes. At one level, this must be the case, since the  
angle diagrams are constructed from crystallographic data alone, data that represent the globally  
optimized protein structure in which all hydrophobic interactions, H-bond interactions, and  
excluded volume effects are taken into account. A complete energy landscape must necessarily  
include the key features of our angle diagrams.  We suggest that these two representations are  
self-consistent: note that Onuchic and  Wolynes [3,37] found that the frustration ratio, 
𝑇𝑓
𝑇𝑔
⁄ ,  for 
a  folding landscape is 
𝑇𝑓
𝑇𝑔
⁄ ~1.6.    As reported in Table 1, the departure from the native state,  
as quantified by the  ratio 𝑓𝑖 (see Appendix 1), is calculated to be  𝑓𝑖 ~ 1.6 for the first two  
unfolded states, and then  increasing as unfolded states farther from the native state are 
considered.  Importantly, this trend, both qualitatively and quantitatively, is displayed by all four  
iron proteins. We suggest that this near correspondence between frustration ratio  
𝑇𝑓
𝑇𝑔
⁄  and the 
ratio 𝑓𝑖  that gauges the departure from the native state may provide the linkage between the two   
types of funneled landscapes, one based on energy, the other on angles defining the changing   
conformational structure of a protein. 
Another take-home lesson follows from the profiles displayed in Fig. 2 and the body  of evidence 
presented in Table 1.  The data in Table 1 show that the average value of the spatial   metric 
calculated for all four proteins is about the same at each stage of unfolding, increasing   
systematically as the protein unfolds.  This universal behavior might have been anticipated, but  
the quantitative similarity is quite striking. 
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At a more detailed level, we find (see Fig. 2) that individual helical regions are characterized by 
values of the spatial metric for interior residues that are sensibly the same.  However, residues  
adjacent to turning regions can display significant deviation from the more-or-less uniform value   
calculated for interior residues.  This qualitative observation can be quantified by considering the   
standard deviation for each helical region recorded in Table 1.  Compare the standard deviations   
for the N-terminal helix, and the adjacent helix in each protein, respectively H1 and H2.  In the   
first two stages of unfolding, the average of the two standard deviations for H1 and H2 is very   
similar for all four proteins.  The same similarity is found on comparing the helical region at the  
C-terminal end and the immediately adjacent, interior helix.   
Importantly, however, in the third stage of unfolding, this coherence begins to unravel,   and 
definitely in the fourth stage of unfolding, the standard deviations for the two cytochromes   are 
much larger than the two globins.   In our geometrical approach, progressing from the first, to   
the second, fourth and sixth stages of unfolding involves correlations among 5-, 7-, 11- and 15-  
residues.   Hence, when the protein begins to unfold, residues in a helical region which are   
adjacent to turning regions are more and more influenced by residues in the turning region.    
Taken together the evidence suggests that turning regions (and, in particular, residues in turning  
regions immediately adjacent to helical regions) play a greater role in influencing the structural   
stability of the helix-bundle cytochromes than for myoglobin and human cytoglobin. 
The question we now address is the relationship between our approach and that developed in the   
important series of papers by Thirumalai and coworkers [26-29]. Thirumalai and Guo [26]   
employed a minimalist approach to design a four-helix bundle model of minimum energy at   
temperature T, defined as the native state.  After taking into account sequences that can fold into   
compact four-helix bundles and constructing bundles with three types of residues: hydrophobic   
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(B), hydrophilic (L) and neutral (N), they built an energy function based on three potentials: non-  
bonded, bond-angle and dihedral-angle (the non-bonded potential was defined as the interaction   
of two residues separated by at least three bonds along the chain; the bond-angle potential is the   
bond-angle deformation energy among three successive residues; and the dihedral-angle   
potential involves three successive bonds). They then started with denatured states at high   
temperature and lowered the temperature to allow their structures to collapse to a native state. 
In subsequent work [27-28], the group constructed more sophisticated potentials to generalize   
their minimal protein model and thereby describe interactions within proteins in more detail.    
Importantly, this coarse-grained model has had an impact on the field, as it has given us a global   
picture of folding (it is this emphasis that distinguishes their approach from ours, since   we 
proceed from the lowest energy configuration defined by the native state, and then move   
stepwise to unfold the polypeptide chain). 
Our approach is based on a fundamental modular unit, a triplet of three nearest-neighbor   
residues.  The geometry of each triplet modular unit comprising the protein is determined from   
the crystallographic data, directly, with no approximations.  The net result of the molecular   
interactions of the side chain of the central residue (i) in the triplet with the side chains of the two   
adjacent residues (i-1) and (i+1) is embedded in the crystallographic data, and represents a   
globally minimized free energy state.    
Formally, a potential function could be defined to describe interactions between the side chain   
of residues i and i-1, residues i and i+1 and residues i-1 and i+1.  A quantum-chemical theory  
would then be mobilized to calculate the energetics of these interactions from first principles.  In   
our modest approach, we bypass this step and use crystallographic data directly to   reveal the 
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exact geometrical consequences of potential interactions between and among the  three residues 
comprising the triplet.    
We note that whatever ab initio quantum mechanical theory is implemented to calculate the   
interactions between the side chains in the triplet must recover the geometrical configurations we   
extract from the globally minimized structure of the native protein as captured by the   
crystallographic data.  It is the sequential change in these optimized geometrical configurations   
that we characterize quantitatively as the protein unfolds. 
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APPENDIX 1.  
We now show that this expression for 𝑓3 can be re-expressed exactly in an equivalent expression 
that is useful in interpreting results obtained in our analysis.  We isolate the angular  factor in 𝑓3. 
 𝐹𝐴𝐶𝑇𝑂𝑅 = 
sin (arccos [(𝑅52 +  𝑅(1 𝑡𝑜 5)2 − 𝑅12) √2𝑅5 𝑅(1 𝑡𝑜 5)] )
sin(arccos[(𝑅12 + 𝑅52 −  𝑅(1 𝑡𝑜 5)2) √2 𝑅1 𝑅5 ])/𝑅1
 
Recalling that, 
sin [arccos(𝑥)] = √(1 − 𝑥2) 
we re-express this  𝐹𝐴𝐶𝑇𝑂𝑅 as 
 
𝐹𝐴𝐶𝑇𝑂𝑅 = 
√[(−𝑅14 + (2(𝑅(1 to 5)2 + 𝑅52))𝑅12 −   (−𝑅(1 to 5) + 𝑅5)2(𝑅(1 to 5) + 𝑅5)2 )/(𝑅12𝑅52)   ]
√[(−𝑅(1 to 5)4 + (2(𝑅12 + 𝑅52))𝑅(1 to 5)2 −   (𝑅1 − 𝑅5)2(𝑅1 + 𝑅5)2 )/(𝑅52𝑅(1 to 5)2)   ]
 
On expanding and simplifying the algebra, we find, eventually, that:  
𝐹𝐴𝐶𝑇𝑂𝑅 =  
1
𝑅(1 to 5)
 
Hence, formally, 
𝑓3 =
𝑇3
𝑅(1 to 5)
 
 
Inserting the values of 𝑇3 and  𝑅(1 to 5) on the right-hand side we recover the numerical value  
1.981.  
We emphasize the importance of this (unexpected) analytic equivalence.  As defined,  𝑓3 is the  
displacement of residue 3 relative to Fe in the first stage of unfolding.   T(i) is the distance  
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between the terminal α-carbons [i-2 to i+2] for a configuration in which the triplet [i-2, i-1, i] is  
annexed to the triplet [i, i+1, i+2].  Hence, 𝑓3 is, as well, a measure of the elongation 
𝑇3
𝑅(1 to 5)
 of 
the five-residue segment [i-2 to i+2] when the protein unfolds from the native state to  the first 
unfolded state.  It is remarkable that a signature 𝑓3 defined to measure the “vertical”  
displacement of residue 3 from the Fe atom is exactly equal to the “horizontal” extension of the  
five-residue segment on unfolding.    
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Graphical abstract 
 
HIGHLIGHTS 
 Geometrical model to study unfolding of four heme proteins 
 Model quantifies the resiliency of the native state to steric perturbations 
 Development of angular funnel diagrams 
 Sequential unfolding of helical regions is predicted 
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